Vitamin K-dependent protein S is an anticoagulant plasma protein that functions as a co-factor to activated protein C in the degradation of coagulation factors Va and MIIa. We investigated the tissue/cellular distribution of protein S synthesis by Northern blotting, in situ hybridization, and immunohistochemistry. Northem blotting together with in situ hybridization, using specific oligodeoxynucleotide probes, demonstrated protein S mRNA in liver, lung, testis, epididymis, ovary, uterus, and brain. In the reproductive system, protein S mRNA was present in the cytoplasm of Leydig cells, interstitial cells of the ovary, epithelial cells of the epididymis, and in the endometrium, including endometrial mucous glandular membrane in the myometrium. Bronchial epithelial cells and alveolar macrophages were positive in the respiratory system. In the cenual nervous system, pyramidal neurons in the cerebral cortex and in the hippocampal
Introduction
Protein S is a vitamin K-dependent plasma protein that functions as a co-factor to activated protein C (APC) in the degradation of coagulation factors Va and VIIIa (1-6). Its physiological importance as a regulator of blood coagulation is demonstrated by the association between protein S deficiency and thromboembolic disease (7, 8) . The concentration of protein S in plasma is 20-25 pglml, of which -60% is non-covalently complexed to Gib-binding protein (GiBP), a regulator of the classical complement pathway (9,lO). On complex formation, protein S loses its anticoagulant function but retains its ability to bind negatively charged phospholipids (11, 12) . region, and dentate fascia neurons gave strongly positive signals. Immunohistochemistry with monoclonal antibodies yielded a staining pattern that correlated well with results of in situ hybridization. In conclusion, results from Northern blotting, in situ hybridization, and immunohistochemistry suggested that rabbit protein S is expressed in several extrahepatic tissues. The presence of protein S transcripts in these fully differentiated cells suggests a cell type-specific gene expression which may be related to local anticoagulation or to other as yet unknown protein S functions. ( J Complexed protein S has the potential to link C4BP to certain cell surfaces (e.g., neutrophils) that may be important for local regulation of the complement system (13.14). In addition, protein S expresses mitogenic activity on cultured vascular smooth muscle cells (15), suggesting that it has functions outside of the coagulation and complement systems.
Human, bovine, and rabbit protein S have been purified and their cDNA cloned (1, (16) (17) (18) (19) (20) (21) (22) . The 75 KD single-chain molecule is composed of multiple modules (Figure 1 ). An amino terminal y-carboxyglutamic acid (G1a)-rich module binds Ca2+ and negatively charged phospholipids (23). A thrombin-sensitive module (TSR) is important for the anticoagulant function of protein S, and the following four epidermal growth factor (EGF)-like modules contain very high-affinity binding sites for Ca2+ (2, 8, 24, 25) . The carboxy terminal part of protein s, which shows -30% sequence similarity to sex hormone-binding globulin (SHBG) and to rat androgen-binding protein (ABP) (26, 27) , has been reported to contain the binding site for C4BP (28.29) .
A previously unrecognized vitamin K-dependent protein with 44% similarity (in amino acid sequence) to protein S was recently discovered (30). This protein was'found to be expressed in many tissues and encoded by the growth arrest-specific gene 6 (gas 6 ) . The synthesis of gas 6 was stimulated by the growth arrest and negatively regulated after serum induction. The sequence similarities between gas 6 and protein S are particularly pronounced in the vitamin K-dependent module and in the EGFlike modules. In contrast, there is no similarity between the thrombin-sensitive module of protein S and the corresponding part of gas 6. The function of the protein is unknown, although it can be postulated that it is involved in regulation of the cell cycle.
The liver appears to be the main site of synthesis for protein S (31-33), even though extrahepatic sites of protein S synthesis, such as endothelial cells, have been found (34,35). Protein S, being present in the a-granules of human platelets, is synthesized in a human megakaryoblastic cell line, MEG-01 and in an erythroleukemia cell line (HEL) (36-38). Human Leydig cells synthesize protein S (39). The functional importance of this synthesis for local anticoagulation was suggested by the development of testicular thrombosis in a young boy with an autoantibody against protein S (40). Colon carcinoma and breast carcinoma cells also synthesize vitamin K-dependent proteins, including protein S (41). Production of protein S in cancer cells was confirmed by a recent report showing six tumor cells of neural origin and 10 primary brain tumors to synthesize protein S (42). It was proposed that protein S may be a cell marker of tumor progression, and it was suggested that protein S may have a role in tumorgenesis.
To obtain a comprehensive view of the tissuekellular distribution of protein S synthesis, we used a combination of Northern blotting, in situ hybridization, and immunohistochemistry to examine the presence of protein S and protein S mRNA. The results suggest that protein S is synthesized in several different extrahepatic organs, including lung, testis, epididymis, ovary, uterus, and brain.
Materials and Methods
All steps were performed under RNAse-free conditions. Solutions were prepared from 0.5% (vlv) diethylpyrocarbonate (DEPC)-treated autoclaved water to minimize RNA degradation. The rabbits (2-6 months old) were sacrificed by injection of 1 ml sodium pentobarbital (60 mglml) containing alcohol benzylions 20 mg and propyleneglycolO.6 g. Tissues were rapidly removed, cut into small pieces, and immersion-fixed. Each experiment, including control experiments, was performed at least three times with consistent results.
Histological Methods
Two fixation methods were used: (a) 4% paraformaldehyde (PF) in 0.1 M phosphate buffer, pH 7.4, for 24 hr at 4'C, and (b) Bouin's fluid for 6-8
hr at room temperature (RT). After both types of fixation, samples were dehydrated by a routine procedure adapted from Sassoon et al. (43) . In brief, tissues were extensively washed with sterile isotonic NaCl and dehydrated through graded dilutions of ethanol in the same mixture (70-100%). They were finally embedded in paraffin and sections 3 pm thick were mounted on chromalum-coated slides for immunohistochemistry or 3-aminopropyltriethoxysilane-treated slides for in situ hybridization.
To test the influence of paraffin embedding on the sensitivity of in situ hybridization detection, some tissues were submitted to formalin fixation, rinsedfor 24 hr at 4°C in 0.1 M phosphate buffer, pH 7.4, containing 15% sucrose (44) , and frozen in isopentane in liquid nitrogen (-4O'C). Serial sections (10 pm) were cut in a cryostat (Bright), collected on gelatinized slides, and stored at -80°C until use. Hematoxylin-eosin staining of tissue sections was used for histological examination.
In Situ Hy bridzatioon
Oligodeoxynucleotides were synthesized by the phosphite/phosphotriester method on an automated DNA synthesizer (Applied Biosystem; Foster City, CA). Six anti-sense probes were used ( encoding amino acids 22-39 (74% identity to gas 6); (b) 5'-CAC TAC AT" GCA GAG GAT TAC ACT GGT CTG-3' encoding amino acids 52-62 (5% identity to gas 6); (c) 5' -TA GAA ATG GCT TCA TCC AGG TCC AAC E T ACA CCA 7X-i ATA TIC ACT TCC-3' encoding residues 598-616
(50% identity to gas 6); (d) 5'-GCA AGT ITG AAT CCT 'ITC 'ITC CCA TCA CAA-3' encoding amino acid residues 227-237 (33% identity to gas 6); (e) 5'-GTA CAC CAT TAA TAT TCA CTT CCA TGC AGC-3' encoding residues 595-614 (53% identity to gas 6); and (f) 5 ' -T AGA AAT GGC 'ITC ATC CAG GTC CAA CTG-3' encoding residues 605-616 in the SHBGlike module (65% identity to gas 6). The probes were designed to have an optimal number of mismatches with other vitamin K-dependent proteins and were searched for structure similarities with known mammalian nucleotide sequences in GenBank (Release 71.0) using the FASTA program.
Probes a-c were end-labeled with digoxigenin-11-dUTP or with [ 35S]-dAV-as. The digoxigenin labeling reaction was according to Schmitz et al. (45) . Briefly, 100 pmol of oligonucleotide, 1 p1 of 1 mmollliter digoxigenin-11-dUTP, 50 pU of terminal transferase (Boehringer; Mannheim, Germany), 4 pI of 5 x terminal transferase labeling buffer, and 4 pl of 25 mmollliter CoC12 were incubated at 37°C for 15 min in a final volume of 20 pl before ethanol precipitation and storage at -2O'C. The labeling procedure adds two or three digoxigenin-dUTP nucleotides in the tailing end according to the manufacturer. In the radioactive labeling reaction, 10 pmol of oligonucleotide, 5 pmol (50 pCi) [35S]-dATF'-as, 25 pU of terminal transferase, 2 pl 5 x terminal transferase labeling buffer (1 M potassium cacodylate, 125 mM Eis-HCI, 1.25 mglml bovine serum albumin, pH 6.6), and 1 pl of 100 mmollliter CoCl2 were incubated in a final volume of 10 p1 for 90 min at 37'C. The reaction was stopped by addition of 100 pl of 10 mM EDTA. The labeled probe was ethanolprecipitated as previously described and stored at -2O'C (46) . The specific activity of the radioactive probe was about 1-4 x 10' cpm/pg. Probes d-f were alkaline phosphatase-labeled and were purchased from British Biotechnology (Abingdon; Oxon. UK). After synthesis (probes contained a 5'-terminal amino group), the probes were conjugated to alkaline phosphatase and purified by fast-performance liquid chromatography (47). The specific activity of the labeled probes was about 10-50 pU/pg. As negative control, two sense oligodeoxynucleotide probes (g and h) were used. Probe g, 5'-GCT GCA CGT CAG TCA ACT AAT GCT TAT CCT-3'. corresponding to amino acid residues 58-68 in the thrombinsensitive region, was labeled with digoxigenin or [35S]-dATP-as and Probe h, 5 ' X TGA TGG GAA GAA AGG A'IT CAA ACT TGC-3' (residues 187-197 in the third EGFlike module) was alkaline phosphatase-labeled.
Tissue slides were first dewaxed in xylene and hydrated in decreasing concentrations of ethanol. The subsequent processing protocol was based on methods reported by Kiyama et al. (48) . Fleming et al. (49) , and Bjartell et al. (50) . The sections were exposed to various solutions in the following order: PBS (0.01 M sodium phosphate, 0.14 M NaCI, pH 7.2) twice for 5 min. 0.2 M HCI for 20 min at RT, PBS twice for 5 min. 100 pglml protease VI11 in 1 x PBS for 15 min at 37%. 4% PF (by weight) in 1 x PBS at 4'C for 5 min. PBS twice for 5 min, 0.25% acetic anhydride (v/v) in 0.1 M triethanolamine with 0.14 M NaCl for 10 min, and finally 2 x SSC (0.015 M sodium citrate, 0.15 M NaCI, pH 7.0) for at least 5 min. Each tissue slide was covered with 100 pl of hybridization buffer containing 30% (v/v) deionized formamide, 10% dextran sulfate, 1 x Denhardt's solution (0.02% polyvinylpyrrolidone, 0.02% Ficoll, 2% bovine serum albumin, all by weight), 4 x SSC, 400 pglml freshly denatured sonicated salmon sperm DNA, and covered with parafilm. Pre-hybridization was performed in a sealed humidified container at 42'C for 3 hr. Probes, diluted in hybridization buffer to a final concentration of 5 pmol/ml or 1-3 x lo6 cpmlpl, were added to the sections (lo6 cpmlslide) and hybridized at 37'C for 14-18 hr. The slides were then washed in 2 x SSC twice for 5 min at RT, with 0.2 x SSC four times for 15 min at 41-5 5'C (depending on which probe was used), which was approximately 1O' C below the melting temperature (Tm), as estimated by the formula of Fitzpatrick-McElligott et al.
(51). The slides were washed with 1 x SSC for 10 min at RT and then rinsed in buffer I(50 mM Tris-HC1, 0.15 M NaCI, pH 7.5) for 10 min.
Detection of the Digoxigenin-labeled OEgodeoxynucIeotides. Slides were first incubated with 2 % normal sheep serum (Boehringer) for 30 min at RT and then with polyclonal sheep anti-digoxigenin Fab fragments conjugated to alkaline phosphatase (Boehringer) (diluted 1:500 in 100 mM Tris-HC1. I50 mM NaCI, pH 7.5, containing 0.03% Triton X-100 and 1% bovine serum albumin) for 3 hr in a sealed, humidified container. The slides were washed in the same buffer without Fab fragments and then equilibrated in Buffer I1 (100 mM Tris-HC1, 100 mM NaCI, pH 9.5) for 30 min. After two 5-min washings in Buffer I1 containing 50 mM MgC12, the slides were developed with alkaline phosphate substrate: 170 pg/ml 5-bromo-4-chloro-3-indolylphosphate (BCIP), 340 pg/ml nitroblue tetrazolium (NBT), and 1 mM levamisol in Buffer 11.
Detection of Alkaline Phosphatase-conjugated Oligodeoxynudeotides. After incubation with Buffer I, sections were immersed in Buffer I1 for 30 min. Buffer I1 containing 50 mM MgC12 twice for 5 min. The alkaline phosphatase subsuate (see above) was added, and after incubation at RT for 20 min-36 hr the reaction was stopped by incubation with 10 mM EDTA in 10 mM Tris-HC1,0.15 M NaCI. pH 7.5. for 30 min (52). Coverslips were mounted with Mount-quick Aqueous (Daido Sangyo; Tokyo, Detection of the [35S]-dATFas-labeled Oligodeoxynudeotides. After post-hybridization washing, the sections were dried at RT for 30 min and dipped into Ilford K5 nuclear track emulsion (diluted 1:1 with distilled water) (Ilford; Mobberley, Cheshire, UK), exposed for 3-30 days in the dark, and then developed with Kodak D19 developer and fixed with A U for 4 min. Finally, the slides were rinsed in water for 30 min. mounted in PBS:glycerol (M), and examined in an Olympus Vonax microscope (53). Japan).
In Situ Hybridization Control Experiments. The specificities of the probes and of the staining were assessed by each of three different negative control procedures: (a) hybridization without probc; (b) substitution of antisense probe with sense probe; (c) RNAse pre-treatment of the tissue sections (0.1 mglml RNAse A in 2 x SSC, 10 mg MgC12 for 1 hr at 37'C) before the protease VI11 treatment. Positive controls, included in each experiment, were either oligodeoxynucleotide poly d(T)-2Obp or appropriate anti-sense protein S probes.
Immunohistochemistry
The IgG fraction of previously characterized monoclonal antibodies (MAbs) HPS-21 (IgGIK), HPS-54 (IgGIK), and HPS-6 (IgG1,) against human protein S were used at a final concentration of 0.3 pglml (24) . These MAbs crossreacted with rabbit protein S, whereas HPS-41 (IgG2bK), which did not recognize rabbit protein S, was used as negative control (54). A streptavidin-horseradish peroxidase (SA-HRP) method was used as described ( 5 5). Briefly, the sections were dewaxed in xylene and rehydrated through decreasing ethanol (99.5-70%) before incubation for 15 min in 0.05% H202 (v/v) in methanol to inhibit endogenous peroxidases. Slides were first incubated with diluted normal rabbit serum to decrease nonspecific staining and then with the MAbs at 4'C for 18 hr. After washing in 50 mM Tris-HC1, 100 mM NaCI, pH 7.5, sections were incubated with biotinylated horse anti-mouse IgG for 30 min at RT. After washing in the same above buffer, sections were covered with sueptavidin-biotin-peroxidase complex (Dako P-397; Glostrup, Denmark) in 1:600 dilution, followed by addition of a 3,3'-diaminobenzidine tetrahydrochloride and Hz02 mixture (5536).
The specificity of staining for each antibody was checked as follows: (a) elimination of primary antibody from the reaction; (b) substitution of the primary antibody either with non-immune normal human IgG, normal mouse or rat IgG, or buffer solution; or (c) application of MAb HPS-41 against human protein S (final concentration 0.6 pglml), which did not crossreact with rabbit protein S. Structures that were stained by the SA-HRP procedure with MAbs HPS-21, HPS-54, and HPS-6, but were unstained in the three control experiments, were considered to be specifically stained. All stained sections were viewed in the Olympus Vanox microscope and photographed on Kodak 64T reversal film through a Kodak Wratten No. 44 filter.
mRNA Analysis of Rabbit Protein S by Northern Blotting
Total RNA from several rabbit organs was prepared as previously described (57). The RNA (10 pg) was electrophoresed in 1% agarose containing 2.2 M formaldehyde (the integrity ofthe RNA was tested on ethidium bromidestained gels) and transferred to nylon membranes (58). Membranes were baked at 80°C for 2 hr and pre-hybridized (2 hr at a temperature 30% below the estimated Tm) with 2% dextran sulfate, 0.5 M NaCI, 50 mM Na-phosphate, pH 6.5,2 x Denhardt's solution, 0.5% SDS, and 100 p g / d single-stranded salmon sperm DNA. The filters were hybridized overnight at a temperature 30°C below the estimated Tm with rabbit protein S oligodeoxynucleotide Probes a, b, and c labeled with [ Y -~~P I -~A T P as described (21.58). Filters hybridized with oligodeoxynucleotide probes were washed with 2 x SSC in 0.05% SDS at RT for 40 min and then with 2 x SSC in 0.1% SDS at hybridization temperature for 20 min. Autoradiography on XAR-5 film was performed overnight at -70'C. When the rabbit cDNA probe was used, the membranes were pre-hybridized (2 hr at 42'C) with 50% (v/v) formamide, 10% dextran sulfate, 0.5 M NaCI, 50 mM Na-phosphate, pH 6.5, 5 x Denhardt's solution, 2% SDS. and 100 pg/ml single-stranded salmon sperm DNA. The filters were hybridized overnight at 42'C with rabbit protein S cDNA probe radiolabeled with [ u -~~P J - 
Results

Northern Blotting Demonstrating Protein S mRNA in MuZ.tz$le Organs
RNAs from dfirent rabbit tissues were analyzed by Northern blotting using either a mixture of oligodeoxynucleotides a, b, and c or rabbit cDNA clones as probes (Figure 2 ). Results obtained with the different probes were in good agreement with each other. Strong signals for protein S mRNA were found in liver, lung, epididymis, testis, uterus, and ovary. A clearly detectable signal was also observed in cerebrum, whereas RNA from heart, spleen, kidney, pancreas, and colon yielded weak signals, suggesting low levels of protein S transcription. This may derive from vascular endothelial cells, because no specific signals were observed in these organs when in situ hybridization or immunohistochemistry was used (results not shown). In addition to the strong signal of protein S mRNA at the expected position just above the 18s marker, an additional larger transcript was observed. The molecular nature of this species, which was observed with all probes, is not known. It could possibly be due to alternative splicing.
Protein S Synthesis in Liver as Suggested by
Immunohistochemistry and In Situ Hybridization
Several MAbs originally raised against human protein S have been found to strongly crossreact with rabbit protein S (54) and were therefore useful in elucidation of the tissue distribution of protein S immunoreactivity. MAbs HPS-21, HPS-54, and HPS-6 crossreacted with rabbit protein S and strongly stained liver cells, whereas no staining was observed when HSP-41, an MAb that did not crossreact with rabbit protein S, was used ( Figures 3A-3D ). In in situ hybridization experiments, several different oligodeoxynucleotide probes, representing different modules of protein S. were targeted with digoxigenin, [ %I-dATP-as, or directly with alkaline phosphatase ( Figures 3E and 3F ). Results obtained with the different probes were in good agreement with each other. Liver parenchymal cells gave strong hybridization signals with all the anti-sense protein S probes, regardless of which detection principle was used. After RNAse digestion, no hybridization signals were detected. Sense probes, like hybridization without probe, yielded no signal, whereas in situ hybridization of the rabbit liver tissues with digoxigenin-poly d(T)2o-bp stained all cells (data not shown).
Protein S Synthesis in Multz$le Extrahepatic Tissues as Suggested by Immunohistochemistry and In Situ Hybridization
Immunohistochemistry, as well as in situ hybridization, intensely stained the cytoplasm of all Leydig cells of testis (Figure 4) . The in situ hybridization signal was confined to the cytoplasm, as expected from a specific mRNA hybridization reaction. Controls with sense oligodeoxynucletide probes were negative (data not shown).
No specific hybridization signals were detected in Sertoli cells, peritubular myoid cells, spermatogonia, and spermatocytes. Results were in agreement with our previous demonstration of protein S Figure 3 . Protein S synthesis in rabbit liver. (A-C) The presence of protein S in rabbit liver sections was shown by the specific staining (brown) observed when MAbs (HPS-21. -54, and -6) that crossreacted with rabbit protein S were used. (D) In contrast; no staining was seen when a protein S antibody (HPS41), which did not recognize the rabbit protein S, was used. Liver sections were also examined by in situ hybridization with (E) radiolabeled and (F) alkaline phosphataselabeled protein S anti-sense oligodeoxynucleotide probes. (G) The specificity of the reaction was shown by the negative staining observed when a protein S sense oligodeoxynucleotide probe (alkaline phosphatase-labeled probe) was used. Original magnification x 250. Bars = 20 vm. 
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mRNA in human Leydig cells (39). Similar strong staining reactions were observed in the interstitial cells of ovary ( Figure 5 ). These cells were mostly distributed in the medulla and around the ovum follicles, with the strongest staining in the hilar region of ovary. Germinal epithelial cells, cells in the tunica albuginea, and ova of different stages were unstained.
As revealed by Northern blotting (Figure 2 ), protein S mRNA was present in the epididymis. To identdy which cell type expressed protein S, in situ hybridization and immunohistochemistry were performed on different regions of epididymis. Strong signals were observed in epithelial cells of the excretory ducts of epididymis and the staining was restricted to the cytoplasm of these cells ( Figures  6A-6C) . The ductuli efferentes and vasa deferentia of epididymis also showed specific staining (data not shown). No hybridization signal was detected in the stromal cells or in the smooth muscle cells around the basement membrane. In epididymis, immunostaining of protein S appeared most intensely in the apical part of the cells, whereas the hybridization signals were predominantly detected in the perinuclear cytoplasmic region. In rabbit uterus, the endometrium was positively stained with both techniques, buds of uterine endometrial glands even extending down in the muscle bundles of the myometrium (Figures 6D-6F) .
In lung, the bronchial epithelial cells stained positively by both in situ hybridization and immunohistochemistry (Figure 7) . Parenchymal cells also stained intensely. To ver* the cell-specific expression of protein S in lung, a radiolabeled oligodeoxynucleotide probe was employed and positive signals were found to be widely distributed along the alveolar wall and in alveolar macrophages ( Figures 7C-7F) .
The central nervous system was difficult to study with in situ hybridization, because digoxigenin-labeled probes yielded high background in all parts of the brain. This was found to be due to an unspecific reaction of the secondary anti-digoxigenin antibody with brain tissues. Therefore, directly alkaline phosphatase-labeled probes were used. In cerebrum, the staining pattem suggested protein S expression mainly in two regions, in the pyramidal neurons in the deep layer of the cerebral cortex ( Figures 8A-8C ) and in the hipocampal area (Figures 8D-8F ). Figure 8 shows the results of immunohistochemistry and in situ hybridization of consecutive sections of cerebral cortex in the frontal lobe. In the hippocampal region, pyramidal neurons and dentate fascia neurons stained positively ( Figures 8D-8F ). Approximately 50% of the cells in this region stained positively for protein S. In the midbrain region, positively stained neurons (with both immunohistochemistry and in situ hybridization techniques) were sparsely distributed among the neural fibers (data not shown).
Discussion
Protein S is synthesized not only in the liver but also in megakaryocytes (37,38), endothelial cells (34), erythroleukemia cells (36), neurotumor cells (42), and Leydig cells (39). In this respect it is noteworthy that significant levels of protein S are still present in plasma in patients with severe liver failure, even when the other vitamin K-dependent proteins are very low (59). Although the functional significance of extrahepatic synthesis of protein S is unknown, we found it worthwhile to obtain a comprehensive picture of the tissue distribution of protein S synthesis in one species. With a combination of Northem blotting, in situ hybridization, and immunohistochemistry, protein S synthesis was mostly demonstrated in liver, lung, testis, epididymis, ovary, uterus, and brain. This extrahepatic synthesis of protein S presumably contributes to the total level of protein S in plasma. The specific cellular distribution of protein S in these organs suggested that protein S has as yet unknown functions. In particular, it was notable that protein S was expressed in certain cells in the brain and in the epithelium ofepididymis, uterus, and lung. It appears unlikely that the main function of protein S synthesized in these cells is related to regulation of blood coagulation.
The oligodeoxynucleotide probes used in this study were designed to provide maximal mismatch with gas 6 and with nucleotide sequences of other vitamin K-dependent proteins. The similarities between protein S oligonucleotide probes and corresponding regions of gas 6 ranged from 5 % to 74%. The mRNA for gas 6 is smaller than that of protein S, and on Northem blotting we found no signal at the position expected for gas 6 "A.
Taken together, these results strongly suggest that the positive signals observed on Northern blotting and in in situ hybridization experiments did not represent crossreactivities with nucleotide sequences of gas 6. Moreover, in immunohistochemistry using MAbs specific for protein S, staining pattems that were similar to those of the in situ hybridization were obtained. With several immunological techniques (including Westem blotting), these antibodies have previously been shown not to crossreact with gas 6 (54). It can therefore be concluded that the results reported here are specific and that they provide a basis from which valid conclusions can be drawn.
Leydig cells in rabbit testis were positive for protein S in both in situ hybridization and immunohistochemical experiments. Corresponding cells in the female reproductive tissues (e.g., ovarian interstitial cells) were also positive. The similarity of results obtained with gonads of female and male rabbits implies that protein S has a specific physiological function in the reproductive system of both sexes. At the level of both protein and genomic organization, protein S is similar to SHBG, a plasma testosterone-binding protein produced in liver and gonads (60,61). Protein S does not have the ability to bind steroids, and the steroid-binding sequence of SHBG has no counterpart in protein S (62, 63) . Therefore, there are no indications for a functional role of protein S in hormone regulation in the gonads. In a recent study, protein S was found to stimulate DNA synthesis in cultured smooth muscle cells (15). It can of course only be speculated upon whether the synthesis of protein S in the reproductive system is related to cell development and regu- lation of reproductive cells. Alternatively, the synthesis of protein S in Leydig cells may be important for local anticoagulation, which is of course of the utmost importance for an organ with such a special and exposed location. In this context, it is notable that a young boy with a massive testicular thrombosis was found to have an acquired autoantibody against protein S (52).
Protein S mRNA was highly abundant in the lung, and on Northem blotting the signal was almost as strong as that seen for the liver. Expression of protein S in the parenchymal part of the lung and the possible expression of protein S by vascular endothelium are consistent with a physiologically important role of protein S in regulation of blood coagulation. Unexpectedly, ciliated epithelial cells along the bronchioles stained strongly positive for protein S and protein S mRNA. In this context, it is noteworthy that lung epidermoid carcinoma synthesizes a precursor of protein S (41). The excretory epithelial cells in epididymis and the mucous endometrium in the uterus were also positive. This kind of cellspecific expression is difficult to link to a function of protein S solely in the anticoagulation system and suggests other as yet unknown functions for protein S.
The specific high-affinity interaction between protein S and C4BP in human plasma suggests that human protein S is involved in the regulation of the complement system and the inflammatory response (64). The importance of protein S in bacterial host defense was shown in a baboon septic shock model, in which addition of excess C4BP leading to complexing of all protein S converted a non-lethal response to a sub-lethal dose of E. COL into a lethal one (65). Protein S synthesis by alveolar macrophages may be of physiological importance in the inflammatory response in the respiratory system. Among the other vitamin K-dependent proteins, human factor VI1 has been found to be expressed in human alveolar macrophage, and a possible role in lung interstitial disease was proposed (66).
It was recently found that neural tumor cells express protein S having full biological activity (42). This is consistent with the here-reported synthesis of protein S in certain cells of the central nervous system. Brain has also been found to contain prothrombin mRNA, suggesting local synthesis of prothrombin (67) . Brain is also a rich source for tissue factor, and an intact coagulation system is of course of the utmost importance for the brain. Anticoagulation mechanisms are probably of equal importance, but our knowledge in this area is sparse. Thrombomodulin, an important co-factor in the activation of protein C, was originally not believed to be expressed in the brain, but more recent data suggest local production of thrombomodulin in cerebral vessels in different areas of the brain (68). Production of protein S in cells of the central nervous system might be necessary to ensure a local high concentration of protein S. However, it is not known whether protein S that is synthesized in the central nervous system plays a role as an antithrombotic agent or if it has other functions.
